Abstract. This paper presents a new hybrid method for combined conductive-radiative heat transfer in two-dimensional enclosures. The participating medium is radiatively absorbing, emitting, scattering and gray. The radiative transport equation is solved by the discrete ordinate method, while the energy equation is solved by the dual reciprocity boundary element method. The various influencing factors i.e., radiation-conduction parameter, surface emissivity and single scattering albedo are investigated to demonstrate the feasibility and efficiency of the present method.
Introduction
There are numerous engineering applications in which heat is transported within a medium by only radiation and conduction. With ever-increasing consumption of limited energy source, it is becoming extremely urgent to improve the thermal and emission performances of combustion systems, which burn natural gas, oil and coal.
To achieve this goal, it is necessary to simulate accurately the combined conductive-radiative heat transfer system. Due to the difficulty in finding the exact analytical solution to nonlinear integro-differential equation caused by this physical mechanism, a variety of numerical methods have been developed over the last few decades, such as [1] . Among these methods, the Monte-Carlo and Hottel's zonal methods are considered as the most general and accurate techniques. They require, however, considerable computation time, so they both are expensive for practical problems. The flux method has been a widely used technique, owing to its compatibility with the conservation equations. Fiveland [2] preliminarily adopted the DOM to model the radiation transfer equation in two and three dimensional rectangular enclosures with a gray absorbing, emitting, and scattering medium.
The boundary element method (BEM) is a numerical method for solving boundary-value or initial-value problems formulated by using boundary integral equations (BIES). The application of the BEM in heat radiation was first discussed in [3] . Using the BEM for combined conductive-radiative heat transfer problem has been discussed in [4] where steady-state problems were considered and [5] where transient problems were dealt. The possibility of adopting the BEM for simulating combined conductive-radiative heat transfer is based on a simplification of ignoring scattering. When neglecting scattering, the radiative transport equation (RTE) is a partial differential equation. Conversely, the RTE becomes an integro-differential equation. The latter cannot be solved by BEM and results in intensive numerical computations. Besides, because of the existence of radiation heat source in the energy equation, the BEM becomes less attractive and the domain integration is required. One of the most popular skills to handle with this domain integrals is the so-called dual reciprocity method (DRM) developed by Nardini and Brebbia [6] in 1983. Hereafter, this method is widely extended to various disciplines of science and engineering. The BEM is promoted as dual reciprocity boundary element method (DRBEM) when blended in the DRM. In this paper, we adopt DRBEM to solve the energy equation.
This article is outlined as follows. In section 2, the theoretical model to simulate the combined conductive and radiative heat transfer is provided, and in this section the theory of the new hybrid method is described accurately. In section 3, the algorithm procedures are represented in detail.
Next, in section 4, some simulated results are presented to verify the reliability and accuracy of our method. At the end, some conclusions are drawn in section 5.
Mathematical Model and Analysis
The steady-state energy equation for combined conductive-radiative heat transfer with constant thermal conductivity and without heat generation within a radiating medium is given by
(1) where the divergence of radiation heat flux is expressed as
where a k, σ , σ are the thermal conductivity, the absorbing coefficient and the Stefan-Boltzmann constant, respectively.   T x denotes the temperature at x .   I x, is the radiation intensity at location x and in the direction  , and determined by the radiative transport equation (RTE) for an absorbing, emitting gray gas medium with isotropic scattering, i.e.
where   b I x is the radiation intensity of the blackbody at the position x ; s  and  are the gray medium scattering coefficient and attenuation coefficient, respectively, and where a s      . In order to solve Eq. 3, the appropriate boundary condition is necessary. If the wall bounding the medium is assumed to emit and reflect diffusely, then the radiation boundary condition for Eq. 3 is given by
  are the surface emissivity and reflectivity, and n denotes the unite inner normal vector at the boundary location. The terms on the right-hand side of Eq. 4 represent contributions to the outgoing intensity due to emission from the surface and reflection of incoming radiation.
The physical domain is depicted in Fig. 1 . The boundary is perfectly diffuse opaque reflector with known emissivity and prescribed temperature. For this system, the unknown variables T and I are interlinked. Therefore, this system is solved iteratively.  . x, y   denote the x and y directional length of the control volume, respectively. KOO [7] investigated the selection of the parameter  and comparison of predictions of radiative transfer for the first order . In Eq. 6, the subscript index i denotes the coordinate directions x or y . The subscripts e and r denote the end-face and reference-face of a computational cell as depicted in Fig. 2 . The volume averaged intensity is computed by point-point iteration. For the different ordinate direction, the mechanism of visiting all nodes is depicted by Fig. 3 . During this process, the end-face intensity may be negative, which is physically unrealistic. We adopt the method suggested by Carlson, B.G. and Lathrop, K.D. [8] , that is, setting the negative intensities to zero and the computations are continued.
After the radiation intensities of nodes are solved from Eq. 5-6, the radiative heat flux at the boundary can be obtained by
where x lies on the boundary.
Solving the Energy Equation by DRBEM
(8) where  denote the thermal conductivity, and the subscript k is the number of iteration times. G denotes the incident radiation and is defined as 
(11) where S denotes the boundary of the region R .
Then we take 1 u as the fundamental solution of two-dimensional Laplace's equation, and 2 u as the required solution of Eq. 8. So we have
(12) where r is the distance between x and y .
Then we can obtain the integral equation as given by [9] 
S u x,y T y c x T x u x, y g y dxdy T y u x, y dS x, y , n n
in which   c x is a coefficient and   We apply the Green's second identity and Eq. 14-15 to the domain integral in Eq. 13, then the following equation is obtained
r u x , y u x, y g y dxdy c x r u x, y r dS y n n
(16) By virtue of Eq. 16, Eq. 13 can be rewritten as
r u x , y c x T x c x r u x,y r dS y n n u x,y T y T y u x,y dS x,y , n n Further, Eq. 17 becomes to the Eq. 18 and letting x to be given in turn by all the interpolation points, we can obtain a system of 1 N equations. Solving this system, the N unknowns ( k T or k q ) on the boundary and L unknowns ( k T ) in the interior of the domain are obtained. Finally, Eq. 5-6 are solved again to obtain the k I . Repeating this iterative procedure until the convergent result is obtained.
Algorithm Procedures
In this section, we give the numerical algorithm of our present hybrid method for the combined radiative-conductive heat transfer. The detailed algorithm procedures are listed as follows:
(1) The initial temperature field is guessed and denotes by k T . (2) Neglecting the in-scattering term in the RTE and the reflected radiation in the boundary condition, the RTE is solved to obtain the radiation intensity field l k I by using the DOM. 
Results Analysis
In this section, we analyze the effect of various influencing factors i.e. radiation-conduction parameter, surface emissivity and single scattering albedo. The first parameter and the third parameter are defined as 
Validation of DOM-DRBEM
During the past few decades, kinds of radial basis functions (RBF) have been developed and widely applied to many fields of science and engineering. In this paper, we adopt the radial basis function
(21) We refer to the hybrid method as DOM-DRBEM in the following.
Effect of Radiation-Conduction Parameter ( N )
The N value implied the relative effect of radiation compared with conduction in the combined conductive-radiative heat transfer. Fig. 6(a) represents the variation of the rate of radiation flux along the hot wall, compared with conduction heat flux as N increases. Fig. 6(b) shows the temperature distribution along the symmetry line (y=0.5). It is revealed from Fig. 6 that dominance of radiation is significant with the decrease of N and the temperature gradient becomes steeper at both faces with lower value of N . Also, for the lower N , the energy emitting from the wall can penetrate more deeply into the medium. 
Effect of Emissivity (  )
In order to investigate the effect of surface emissivity in transporting heat through the medium, the radiation-conduction parameter, the optical thickness and the single scattering albedo of media are set as 0.05, 1.0 and 0 respectively. And the emissivity of walls varies from 0.2 to 1. The total heat flux along the hot wall is shown in Fig. 7(a) , and compared with the results of Kim [10] . The maximum relative error is less than 2%. So, it can be seen that our developed method is very accurate. In Fig. 7(b) , the dimensionless temperature distribution in medium is presented. Obviously, the wall emissivity also influences the propagation of the energy and the ability of heat transport is increased as  increases, but the effect of  is not as obvious as N .
(a) (b) . Keeping the optical thickness constant, the single scattering albedo reflects a relative ratio of scattering and absorbing. Fig. 8 delineates the influence of  to the radiation flux and the temperature distribution. As  decreases, it easily can be seen that the rate of radiative flux, along the hot boundary, decreases and core gets intensively heated. The attenuation of  leads to the enhancement of a  . Further, the radiation heat source ( r q  ) in the energy equation is increased. Finally, the effect is reflected by the elevation of the temperature distribution. 
Summary
In this article, we investigate the combined radiative-conductive heat transfer within square enclosure. The participating medium is radiatively absorbing-emitting-scattering and gray. This coupled problem has been numerically simulated by using a new hybrid method (DOM-DRBEM), where the RTE has been solved by DOM and the energy equation has been solved by DRBEM. For both systems, they are solved by iterative schemes and coupled together. Finally, the results for DOM-DRBEM were found to be in good agreement with those available in the literature for various sets of parameters. In this article, we only consider the regular domain. For the irregular geometries, our study is underway.
